In its standard mode of operation, the multibeam echo sounder Sea Beam produces high resolution bathymetric contour charts of the seafloor surveyed. However, additional information about the nature of the seafloor can be extracted from the structure of the echo signals received by the system. Such signals have been recorded digitally over a variety of seafloor environments for which independent observations from bottom photographs or sidescan sonars were available. An attempt is made to relate the statistical properties of the bottom-backscattered sound field to the independently observed geological characteristics of the seafloor surveyed. Acoustic boundary mapping over flat areas is achieved by following trend changes in the acoustic data both along and across track. Such changes in the acoustics are found to correlate with changes in bottom type or roughness structure. The overall energy level of a partial angular-dependence function of backscattering appears to depend strongly on bottom type, whereas the shape of the function does not. Clues to the roughness structure of the bottom are obtained by relating the shape of the probability density function of normal-incidence echo envelopes to the degree of coherence in the backscattered acoustic field.
INTRODUCTION
In the past few years, multibeam echo sounders have become available to the scientific community, allowing investigators to map, with high resolution and in near-real time, a large swath of seafloor on each traverse of the ship. The bathymetric charts thus obtained represent a great improvement over those drawn from conventional single-point depth recording systems. However, bathymetry reveals the shape of seafloor features only to the resolution of the sounding system; it does not yield other seafloor characteristics, such as bottom type or bottom microroughness and their respective lateral homogeneity.
Because ( 1 ) First-order statistics (mean and variance) of peak amplitude in the near-specular direction, and of total energy for nonspecular beams serve to quantify spatial homogeneity of the backscattered sound field.
(2) Angular dependence of total energy is used to complement (1) in the estimation of acoustic boundaries over the swath of seafloor ensonified by the Sea Beam.
(3) Probability density functions of peak amplitude in the near-specular direction are compared to a Rician pdf to estimate the degree of coherency of the backscattered signals, yielding a qualitative estimate of the roughness structure of the seafloor.
However, the lack of phase information, occasional saturation in both the data acquisition and the Sea Beam systems, and sidelobe interference problems limit the scope of this analysis. Therefore, this paper only intends to show the potential for determining seafloor characteristics that exist in acoustic backscatter measurements derived from a multibeam echo sounder. Also, acoustic measurements alone are insufficient to determine the exact nature of the bottom.
Consequently, ground truth must be obtained by independent remote sensing (e.g., deep-sea photography and/or television, core or grab samples, etc. ). To this end, most of the data presented here are supported by at least one independent source of measurements.
I. THEORY
In this section, we first consider the applicability of the Helmholtz-Kirchhoff formulation for seafloor acoustic backscattering to backscatter measurements made with a Sea Beam system. Next, we give an expression which relates the degree of coherence of the backscattered sound field to the roughness and correlation structure of the scattering surface. As shown by Stanton, 12 an estimate of these parameters is then obtainable from the shape of the pdf of normal-incidence echo envelopes.
A. Seafloor acoustic backscattering
When measuring acoustic backscatter from the deep seafloor, the first common observation is that individual echoes are not reproducible and that there can be several dB of variation in the amplitude of the returned signal from one ping to the next. The backscattering process is therefore considered stochastic, and its description needs to be statistical. Expressions for the sound pressure of a bottom echo impinging upon a hydrophone array have been derived 4-8 using the Helmholtz-Kirchhoff formulation in the bistatic scattering from a rough surface. In the backscattering case, omitting the time dependence and propagation losses, a receiver at Q (Fig. 1 ) ) ; it characterizes the roughness of the surface. In the limit • --0, corresponding to a plane surface, the return is. a specular reflection at normal incidence, and outside of normal incidence, Eq. ( 1 ) is a function of the beam pattern of the acoustic array. At the other extreme, when • is large, the return comes mostly from acoustic energy scattered by the rough surface back towards the receiver. So, in the general case, the return is a combination of scattered (incoherent) and reflected (coherent) energy which varies depending on the angle of incidence and the beam pattern of the array. Equation (1) is derived in the farfield of the transmit/ receive system so that ranges R can be approximated by Ro (Fig. 1 ) in the expressions of the incident and backscattered pressure fields, except in the phase terms, where R is expanded to second-order terms to account for Fresnel zone contributions. This approximation is valid for Sea Beam's 12-cm wavelength at ocean depths.
The Kirchhoff approximation is also used. It assumes that in the boundary conditions on the surface, the reflection coefficient R can be used at every point on the surface by approximating the field at any point on the surface by that which would be present on the tangent plane at that point (Ref. 3, Chap. 3) . This requires that the radius of curvature of the irregularities on the seafloor be large compared to the acoustic wavelength or that no shadowing effects occur within the ensonified area. These conditions are met in most of the data presented here. Equation (1) also assumes that the area ensonified is small compared to Ro, so that the dependence of Ro on x, y, or •' can be ignored. Likewise, R, a, and c, which depend mostly on the angle of incidence 0, are assumed to have only small variations within the scattering area. These approximations therefore require that the acoustic system have a small beam width and commensurate pulse length. Both assumptions are reasonable for the Sea Beam system. It follows that, for a given angle of incidence 0, the random character ofp (Q) in Eq. ( 1 ) is mostly due to the fluctuations of the phase term e 2•½c, which accounts for the irregularities of the bottom. As a consequence, the bottom roughness • is considered a random process, and a statistical description of the backscattered sound field can be achieved by ensemble averaging returns from successive pings. Such returns are independent from each other since the ship moves between pings and a slightly different portion of seafloor is sampled every time. For an ensemble of such surfaces over several pings, the stochastic function •'(x,y) is characterized by an rms roughness amplitude (assuming •' has a zero mean): a=
a "correlation function,"
C(x',y') = (1/o-2)(•'(x,y)•'(x + x',y + y')),
and a pdf W(•). Equations ( 2 ) and ( 
C. Data reduction
Owing to the limitations outlined above, the acoustic data recorded from Sea Beam were reduced to be analyzed in two ways. The first approach concentrates on the statistics of the peak amplitude in the near-specular direction; the second deals with both angular dependence and statistics of total energy in nonspecular beams. To overcome the saturation problem mentioned above, the mean sidelobe response was used to retrieve the peak amplitude of the near-specular returns that appeared clipped. The method assumes that the ratio of the near-specular peak amplitude to the corresponding mean sidelobe response is approximately constant from ping to ping, and that most of the variability in this ratio is due to (1) the slight misalignment of sidelobes with the mainlobe of the near-specular beam (Fig. 3) , and (2) the roll of the ship. For simplicity, only data collected over nearly flat seafloor (slope angles less than 2• deg) were used in this exercise, since, owing to the acoustic geometry, no specular backscatter is to be expected from bottoms sloping up or down. To avoid bias from bottom returns, the mean sidelobe response was computed as the arithmetic mean of the peak values of sidelobe contributions well separated from the bottom returns. As an example, beams number port 8-3 and starboard 4-8 would qualify in Fig. 4 . By working on nonclipped data, this mean was then compared with the amplitude of the corresponding near-specular peak by computing their ratio. The ping-to-ping variations of the near-specular peak were then inferred from the variations of the corresponding mean sidelobe response using the same method. When the sidelobe response had insufficient signal-to-noise ratio, the near-specular return was not clipped so its peak amplitude was used to compute the mean sidelobe level by subtracting 25 dB. Results of this method are illustrated in Fig. 5 . Because of the time stretching evidenced on the nonspecular returns (Fig. 4) , their description is more appropriately based on total energy than on peak amplitude. To es- In the following discussion, we assess how much can be learned about a portion of seafloor surveyed with Sea Beam by analysis of the acoustic backscatter it receives. We consider successively the system's ability to delineate acoustic boundaries, the use of an angular dependence function of backscattering to differentiate between various types of substrate, and the potential for estimating the microroughness of the bottom.
A. Mapping acoustic boundaries
Because most statistical analyses of the backscattered sound field are based upon the assumption of a homogeneous (stationary) scattering surface, it is important to be able to isolate seafloor areas for which this assumption holds. To this end, we define an acoustic boundary as the place where a marked change in trend appears in the acoustic data. With a multibeam system, such trends can be followed both along and across tracks, given that it is possible to correct for bottom slope in both directions. In this paper, we simplify the problem by limiting ourselves to nearly flat portions of seafloor.
I. Manganese nodule area •
In a previous paper, :6 we used the variations in amplitude of the specular beam alone to infer manganese nodule coverage over a well-documented nodule mining site. Although the estimates of coverage were crude, they were in very good qualitative agreement with estimates of Coverage derived from Deep Tow bottom photographs of the same area. Our ability to correctly identify bare mud patches, areas sparsely covered with nodules, and areas densely covered throughout the mining field was a good indication that Fig. 7 (b) ]. In this case, the change in bottom substrate from nodules to mud, rather than their relative roughness, seems to be the dominant factor in the backscattering process. Also, it is interesting to note that, in this area, nonspecular beams energy is better suited for acoustic boundary mapping than peak amplitude in the specular return. The peak amplitude data shown in Fig. 6 seem to be more sensitive to small variations in bottom slope and to potential bottom focusing effects, and would therefore require more averaging to bring out the underlying trend readily observable in the energy data of nonspecular beams.
North San Clemente basin
The portion of Sea Beam data considered in Fig. 8 Because this averaging interval is large, the profile of normal incidence peak amplitude data appears relatively smooth, with less variability than that of Fig. 6 . No major trend changes are observable in this profile (Fig. 8) this portion ofseafloor is confirmed by the mean total energy data, even though a small undulation with a 1.5-km wavelength is noticeable on both port and starboard. This trend is most marked at 13-deg incidence to port. Distances across track are 440 and 545 m from the vertical incidence point at 13-deg and 16-deg incidence, respectively. As seen in the stacked profiles of total energy, the undulations on port and starboard are not symmetric with respect to vertical incidence, but appear to be offset diagonally from each other in roughly the same orientation as the bathymetric step. A tenuous acoustic boundary can then be defined on this Sea Beam swath as a patch of higher backscatter extending 1.5 km along track and trending diagonally across track. Owing to the complex nature of sedimentation patterns in this area, it is difficult to relate the patchiness observed in the acoustics to geological processes. Sediments of the San Clemente basin are of both turbiditc and pelagic origin and contain mostly fine grained sand and muds (biogenic and/or micaceous).27'28 Deep Tow bottom photographs taken in the vicinity (Fig. 9) Another possibility is a change in the fine-scale roughness of the bottom as a result of animal activity, higher backscattered energy corresponding to a rougher interface. More data (subbottom profiles and/or cores) are necessary to determine whether roughness or bottom type or a combination dominates the backscattering process in this area.
Rise crest environment
The acoustic data presented in Fig. 10 correspond to the section of bathymetry delimited by the arrows. In those bounds, the seafloor is nearly flat, with an average depth of 2560 m. With a 6-s ping rate and a ship speed of about 1 m/s, the along-track sampling interval is 6 m (compared to a footprint 120 m in diameter), and the averaging interval used for low-pass filtering of the data is 20 pings.
The same smoothing effect of large averaging intervals noted in the San Clemente basin data is seen here. However, peak amplitude variations are relatively higher indicating a greater variability in the raw data. Small trend changes over along-track distances 1 km or less are noticeable in the peak amplitude as well as in the total energy data. They can also be followed in the stacked profiles of total energy, which show no along-track symmetry about vertical incidence. In this case, relation of the acoustic data to the geological processes is facilitated by the uniqueness of the area and the availability of independent measurements made simulta- side-looking sonar system is shown in Fig. 11 (a) (usually over ___ 20 deg from vertical when the ship is not rolling), a discrete angular-dependence function is readily obtainable. This function is a potential criterion for differentiating between bottom types. As mentioned previously, it has not been possible to obtain the complete angular dependence from the data presented here because of saturation and sidelobe interference. As a result, only the tails of the function are shown in Fig. 12 for the three types of seafloor considered. In this figure, the levels indicated correspond to the relative total energy measured at each angle over flat, acoustically homogeneous regions and corrected for transmission loss.
The tails of these three angular-dependence functions are mostly remarkable for the differences in their relative energy levels. Hemipelagic sediments (sand and mud) appear to be about 10 dB above nodules and 10 dB below basalts. Although very few deep sea data in the kilohertz range exist in the literature, these relative levels are in general agreement with comparable measurements in coastal locations summarized by Urick. 3ø In spite of the very different nature of the three areas considered, the shape of their partial angular-dependence function is similar (Fig. 12) , and, Both correlation areas support the assumptions which lead to Eq. (9). In the San Clemente basin, the Gaussian assumption is justified because the surface microroughness is due mostly to animal activity and is therefore randomly distributed with many irregularities within the ensonified area. These irregularities are most likely isotropic so that 1•12•45 cm. In the rise-crest data, the irregularities are presumably anisotropic. By analogy with current generated tipples, roughness in the direction perpendicular to the flow of lava probably has a longer correlation length than roughness parallel to the flow which is typically characterized by linear wrinkles [Fig. 11 (c) Data from three geologically different environments (a manganese nodule field, a hemipelagic sedimentary basin, and a rise-crest basalt sheet flow) have been analyzed and validated with independent measurements (bottom photographs and side-looking sonar data). The backscattering process seemed to be more sensitive to bottom type in the manganese nodule area, to bottom roughness in the risecrest data, and to a combination of both in the sedimentary basin. Total energy in the partial angular-dependence function was highest for basalts on the rise crest; it was roughly 10 dB lower for hemipelagic sediment in the San Clemente basin and another 10 dB lower for manganese nodules.
The shape of the pdf of echo envelopes was indicative of a rough surface in the manganese nodule area, and of 
which relates the degree of coherence of the backscattered field to the parameters of the rough surface cr and C. This result is general in the sense that no limitations have been imposed on the wavelength of the sound radiation or equivalently on the length scale of the surface roughness.
We have only assumed that the surface satisfies the Kirchhoff boundary condition, which requires there be no sharp edges on the scattering surface. We have also assumed that the roughness is normally distributed and that it is spatially stationary by casting the correlation function C as a function of the distance between points on the surface [ C(•,r/) ]. Although the applicability of such statistical properties to the ocean floor may seem questionable, especially with regard to stationarity, they are useful in reducing the foregoing integrals to more manageable expressions.
Outside of normal incidence, the coherent component of backscattering is likely to be small or negligible compared to the incoherent component, so that •' will tend to zero. Normal incidence is more interesting in that both components are then equally likely to dominate, depending on the type of rough surface, and there is a direct relationship between •' and the shape of the pdf of normal incidence echo envelopes. 
The Rayleigh pdf can then be expressed in terms of the amplitude of the echo envelope E and its mean-square value (E 2), two quantities readily measurable in our data: 
W(E) = (2E/(E 2) )exp( --E2/{E 2) ). (B4)
which is the coherent to incoherent power ratio in the echo.
Substitution of Eqs. (B8) and (B9) into (BS) yields

